Two factors must be present for primary avian tendon cells to commit 50%o of their total protein production to procollagen: ascorbate and high cell density. Scorbutic primary avian tendon cells at high cell density (>4 x l0' cells per cm2) responded to the addition of ascorbate by a sixfold increase in the rate of procollagen synthesis. The kinetics were biphasic, showing a slow increase during the first 12 h followed by a more rapid rise to a maximum after 36 to 48 h. In contrast, after ascorbate addition, the level of accumulated cytoplasmic procollagen mRNA (a2) showed a 12-h lag followed by a slow linear increase requiring 60 to 72 h to reach full induction. At all stages of the induction process, the relative increase in the rate of procollagen synthesis over the uninduced state exceeded the relative increase in the accumulation of procollagen mRNA. A similar delay in mRNA induction was observed when the cells were grown in an ascorbatecontaining medium but the cell density was allowed to increase. In all cases, the rate of procollagen synthesis peaked -24 h before the maximum accumulation of procollagen mRNA. The kinetics for the increase in procollagen synthesis are not, therefore, in agreement with the simple model that mRNA levels are the ratelimiting factor in the collagen pathway. We propose that the primary control point is at a later step. Further support for this idea comes from inhibitor studies, using a,a'-dipyridyl to block ascorbate action. In the presence of 0.3 mM a,a'-dipyridyl there was a specific two-to threefold decrease in procollagen production after 4 h, but this was unaccompanied by a drop in procollagen mRNA levels. Therefore, inhibitor studies give further support to the idea that primary action of ascorbate is to release a post-translational block.
mRNA induction was observed when the cells were grown in an ascorbatecontaining medium but the cell density was allowed to increase. In all cases, the rate of procollagen synthesis peaked -24 h before the maximum accumulation of procollagen mRNA. The kinetics for the increase in procollagen synthesis are not, therefore, in agreement with the simple model that mRNA levels are the ratelimiting factor in the collagen pathway. We propose that the primary control point is at a later step. Further support for this idea comes from inhibitor studies, using a,a'-dipyridyl to block ascorbate action. In the presence of 0.3 mM a,a'-dipyridyl there was a specific two-to threefold decrease in procollagen production after 4 h, but this was unaccompanied by a drop in procollagen mRNA levels. Therefore, inhibitor studies give further support to the idea that primary action of ascorbate is to release a post-translational block.
Primary avian tendon (PAT) cells at high cell density (>4 x 104 cells per cm2) and in the presence of ascorbate (50 p.g/ml) allocate half of their protein production to procollagen (22, 26) . On the other hand, PAT cells at low cell density or in a medium deficient in ascorbate will produce only 12% procollagen (22, 26) . This shift has previously been shown to be specific to procollagen production; the rate of noncollagen protein synthesis is identical in induced and uninduced cells (26) . The molecular events, however, that regulate the commitment of PAT cells to the expression of a tissue-specific function have not been identified. Two basic hypotheses exist to explain how procollagen synthesis could be induced by ascorbate and high cell density. The first can broadly be described as transcriptional control (17) . Essentially, this model requires that the controlling step regulating the rate of procollagen synthesis be the accumulated level of procollagen mRNA. Support for this model comes from studies in which chicken embryo fibroblasts were transformed with Rous sarcoma virus. After transformation, both procollagen mRNA levels and rates of procollagen synthesis declined, in what appeared to be a coordinate fashion (21, 27) . A similar coordinate decline was observed when chick tendon cells were grown under cell culture conditions that inhibited full collagen expression (20, 22) . An alternative hypothesis is that the collagen biosynthetic pathway is primarily controlled at a post-transcriptional point, with mRNA levels being altered by a feedback loop. This model does not specify a direct relationship between the level of specific mRNA and the rate of synthesis of the protein. Support for this type of control mechanism comes from the fact that the only established direct interaction of ascorbate with the collagen pathway is at a post-translational step-proline hydroxylation. Nevertheless, this is not sufficient evidence to rule out the alternative that ascorbate could act directly on the rate of transcription of procollagen mRNA through an unknown mechanism.
Distinguishing between a primary control mechanism acting at the transcriptional level and one acting at a post-translational step is the 242 ROWE AND SCHWARZ aim of this study. Two approaches were used to bring evidence to bear that would discriminate between these models. The first was to examine the induction kinetics for a stimulation in the rate of procollagen synthesis after ascorbate addition or an increase in cell density, and compare this with the rate at which procollagen mRNA accumulates in the cytoplasm. The second approach was to inhibit ascorbate action in fully induced PAT cells and compare the decline in the rate of procollagen synthesis with the changes in the level of procollagen mRNA. The data are all consistent with the primary control step being post-translational.
MATERIALS AND METHODS Cell culture. PAT cells were isolated from 16-day chicken embryos by a modification (22) of the Dehm and Prockop (8) procedure. PAT cells were grown in F12 medium (10) with 0.2% fetal calf serum in 25-cm2 flasks as described previously (24, 26) .
Collagen assay. PAT cells were labeled with [3H]proline (5'; Amersham Corp.) as described in the figure legends. Collagen production was determined by a collagenase assay (23) modified from that described by Peterkofsky and Diegelmann (18) . Bacterial collagenase, used in this assay, recognizes a four-amino acid sequence that is, to a first approximation, only found in the collagen part of the procollagen molecule. This highly repetitive sequence in the collagen part of the procollagen molecule is degraded by collagenase and thereby detected (23) . Our assay only measures collagen sequences, and we mathematically compensate for the fact that collagen is first made as a procollagen molecule (see legend to Fig. 1 ). The collagenase was purified to the extent that 50 to 100-fold excess enzyme could be used in the assay without evidence of general proteolytic activity (23 [16, 31] with a specific activity of 1 x 108 to 4 x 10' cpm/Lg). The hybridized dots were washed, punched out, and counted in a scintillation counter. Two modifications of the Thomas procedure were made. First, the hybridization conditions were changed to be more stringent (70% formamide; 0.1 M PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)], pH 6.4; 0.14 M NaCl; and 100 ,ug of sheared herring sperm DNA per ml) (21). This slightly improved the level of specific hybridization. More importantly, we found that it was necessary to quantify the amount of RNA retained on the filter at the end of the hybridization procedure since variations as great as two-to threefold in the level of RNA bound to the filter could be observed even with the same RNA sample. To reduce this source of error, the RNA was labeled by incubating PAT cells with 10 ILCi of [3H]uridine (1 ml of medium) per flask for 2 h before extraction. The specific activity of the RNA was determined and the amount of RNA remaining bound at the end of the assay was calculated from the 3H counts on the filter.
With these modifications, the assay is highly specific and is linear with both increasing total RNA spotted and with increasing concentrations of specific RNA in a spot. The limits of the assay for total RNA in a dot are defined by the background level on the low end and by the inability of more than 1 Northern blots. Total RNA (1 to 5 e.g) was denatured with glyoxal and electrophoresed on 1% agarose gels as described by Thomas (28) . The location of ribosomal RNA bands was determined by cutting a lane off one side of the gel and staining it with 0.2% methylene blue (in 0.2 M sodium acetate-0.2 M acetic acid) for 18 h and then destaining it with water (50°C). The remainder of the gel was blotted onto nitrocellulose paper as described by Thomas (28) . Hybridization was as described above except that the prehybridization time was extended to 20 h, and the nick-translated probe was further purified by prebinding to glass fiber filters as described previously (4 ac,a'-Dipyridyl experiments. Cells growing with and without ascorbate were given 0.3 mM a,a'-dipyridyl (14) (22, 26) . When ascorbate is added to the medium, the level of procollagen synthesis rises over the course of 48 h to about 48% (22) . To better understand the mechnisms behind this induction process, we analyzed in detail the kinetics for the increase in procollagen synthesis after ascorbate addition.
Experimentally, PAT cells were made scorbutic by growth in ascorbate-free medium for 4 days. On day 5, when nearly confluent (23), they were induced with ascorbate. At various times up to 60 h, cells were pulsed for 2 h with [3H]proline and the percentage of newly synthesized procollagen was determined. A composite of the data from seven experiments is shown in Fig. 1A . Owing to the fact that ascorbate does not affect the rate of noncollagen protein synthesis (26) and owing to the fact that the incorporation of [3H]proline into procollagen is linear (see Fig. 2 ), we can also plot the data as a function of the rate of procollagen synthesis (Fig. 1B) . The induction by ascorbate was a slow process with biphasic kinetics. The initial effect of ascorbate on the cells was a slow increase in procollagen synthesis. After 12 h, the rate of the induction process accelerated so that a maximum rate of synthesis was reached by 36 to 48 h.
To assure that the pulse data accurately reflected synthesis patterns, we analyzed the ability of PAT cells to accumulate procollagen before and after ascorbate induction. Figure 2 shows the continuous incorporation of [3H]proline into procollagen over a 26-h period. Both the fully induced and uninduced cells accumulated procollagen linearly; however, in this experiment, the rate was 8-fold greater (the mean value fron several experiments being 6.8) in the induced cells. Scorbutic PAT cells given ascorbate at the start of the experiment showed an increasing rate of incorporation in good agreement with the pulse experiment (Fig. iB) . In Fig. 2 we have also included data obtained from fully induced PAT cells that were placed in ascorbate-free medium at the beginning of the experiment. The data show that PAT cells could continue to synthesize procollagen at a high rate without fresh ascorbate for an additional 12 h before slowing down. Combining this with the fact that ascorbate has a very short half-life in medium at 39°C (1.25 (26) , and the incorporation is linear (see Fig. 2 ), the ratio of counts incorporated into procollagen to those in noncollagen proteins directly reflects the rate of procollagen synthesis. The advantage of plotting the ratio versus the actual rate (cpmlh into procollagen) is that the former corrects for the slight increase in cell number over the course of the experiment.
increase in procollagen translation after ascorbate addition, one can then ask to what extent does procollagen mRNA concentration control this rate? To begin to answer this question, we performed a time-course study after ascorbate addition in which cytoplasmic RNA was extracted, bound to filters, and hybridized with a nicktranslated procollagen [32P]cDNA probe. In the experiment shown in Fig. 3 , assays were made every 3 h up to 48 h after addition of ascorbate. There was a 12-h delay before a linear rise. At 48 h the induction of procollagen mRNA was about two-thirds complete. As described below, full induction of procollagen mRNA required 60 to 72 h (see Fig. 5 ).
A similar time-course of RNAs was examined, using as a DNA probe plasmid pCg54, which is plasmid pBr322 with 1.1 kilobase of cDNA sequences from the procollagen a, mRNA (15) . The kinetics of increase in mRNA levels are essentially the same as with the pCg45 (a2) probe (data not shown).
Northern blots. To confirm that the dot blot assay was working correctly, that we were indeed looking at cytoplasmic RNA, and that induction did not cause a change in the size of the procollagen mRNA, we analyzed RNA samples by agarose gel electrophoresis. We tested RNA from both induced and uninduced PAT cells that had either been extracted from the whole cell or only from the cytoplasm. We transferred the RNA from the gel to high-salttreated nitrocellulose, hybridized with nicktranslated probe, and autoradiographed the blot (Fig. 4) . From whole cell extractions, two bands hybridized with our procollagen (a2) cDNA probe, in agreement with previous results reported by Adams et al. (1) and Wozney et al. (31) . The induction of both bands (the relative proportions remaining constant; see legend to Fig. 4) is readily apparent and when quantitated by counting the bands in a scintillation counter gave equivalent results to that described for the dot blot assay (see legend to Fig. 4) . The cytoplasmic RNA appeared as a single band at the lower molecular weight although degradation was apparent. These data further support the original interpretation by Adams et al. (1) AN levels and rates of procollagen synthesis changed after ascorbate induction.
The ascorbate induction process could be divided into four phases. The first was the initial 12 h. During this period, the rate of procollagen synthesis rose slowly, whereas the level of procollagen mRNA showed a plateau. In the experiment illustrated in Fig. 5 , there was actually a small decrease in apparent cytoplasmic procollagen mRNA. In other experiments, however, only a plateau was observed, and this was also true when whole cell RNA, rather than cytoplasmic RNA, was extracted (unpublished data). 3) and after (lanes 2 and 4) induction by ascorbate (for 55 and 72 h, respectively). In lanes 1 (0.9 e.g) and 2 (2.5 ,ug), the RNA was obtained from whole cell extraction, whereas in lanes 3 (2 F.g) and 4 (2 pLg) only cytoplasmic RNA was used. The blots were hybridized with a nick-translated pCg45 probe. Photographic reproduction of the autoradiogram has reduced the resolutions of the two bands in the whole cell extractions and resolves poorly the faint bands in the lanes from scorbutic cells. The bands from whole cell extractions (lanes 1 and 2) are from different blots than the cytoplasmic extractions ( lanes 3 and 4) ; therefore, the intensities are not directly comparable. We The level of procollagen mRNA (*) was determined as described in the legend to Fig. 3 and normalized to the uninduced case. The rate of procollagen synthesis (@) was determined (see text) by taking the counts incorporated in 2 h into procollagen and dividing by noncollagen protein counts. The latter value is unaffected by ascorbate but does correct for the small increase in cell number over the 60 h of the experiment. Again, the rate of procollagen synthesis was normalized to the rate for uninduced cells. All points shown are the averages of duplicates. The uninduced levels for both the rate of procollagen synthesis and procollagen mRNA levels showed a standard deviation of 20% (12 The critical point is that no increase was observed in procollagen mRNA during the first 12 h. During the next period, from 12 to 48 h, both translation rates and mRNA accumulation increased. The relative rise in the rate of procollagen synthesis was much greater than in the first phase and exceeded the relative rise in procollagen mRNA accumulation. Moreover, at times during the induction process almost twice as much procollagen was being made per procollagen mRNA molecule than in uninduced cells. In the third period, 48 to 60 h, the rate of procollagen synthesis leveled off whereas the accumulation of procollagen mRNA continued to rise linearly. After time periods greater than 60 to 72 h the final phase was reached, in which both the rate of procollagen synthesis and level of procollagen mRNA were at maximum levels, approximately sixfold higher than in the uninduced control.
Induction by high ceDl density. Both ascorbate and high cell density are required for procollagen induction; ascorbate is clearly the easier density, we inoculated flasks at twice the normal level of cells, grew the cells in medium containing ascorbate, and followed the induction kinetics from day 3 to day 7. The cells were confluent on day 3 and showed a highly induced level (fivefold) for both procollagen mRNA and for procollagen translation rates (Fig. 6A) . However, under these conditions the induction continued and reached a 10-fold level on day 5 before declining on days 6 and 7. Again, procollagen mRNA levels trailed by 24 h and peaked on day 6 and then declined. Between days 5 and 6, -, t;-__ . mRNA levels were increasing at the same time that the rate of synthesis of procollagen was declining. /,z' Effects of inhibiting ascorbate action by a,a'-,,/ dipyridyl. The compound a,a'-dipyridyl is a ferrous ion chelator. Ferrous ion is required for the step in the collagen pathway where proline variable to manipulate and has been analyzed first. However, since PAT cells grow with a 24-h generation time under standard conditions (24) and since the induction process by ascorbate was slow relative to this, a reasonable kinetic picture for induction by cell density could develop by simply growing the cells in the presence of ascorbate from low cell density up to confluency. As shown in Fig. 6B , the kinetics of cell density induction are strikingly similar to previous results (Fig. 5) where ascorbate was the variable in question. Again, full induction required an additional 24 h for procollagen mRNA to reach maximum levels when compared with the peak in the rate of procollagen synthesis. As was also seen in the ascorbate induction experiments, at each stage of the induction process mRNA levels trailed the rise observed in procollagen translation rates.
In a variation of the cell density experiment, we observed the effect of inoculating cells at a higher initial cell density. We knew from previous results (22) (2, 32) . Addition of a,a'-dipyridyl to PAT cells should therefore be a simple mechanism for rapidly reversing this action of ascorbate. Previous research by Kao et al. (14) on the effects of a,a'-dipyridyl on procollagen secretion rates led them to conclude from indirect evidence that this inhibitor also suppresses procollagen translation rates. If this is indeed true, one could then ask whether this inhibition of procollagen translation was mediated through procollagen mRNA levels.
To answer this question, we first examined whether a,a'-dipyridyl would rapidly inhibit the rate of procollagen synthesis in fully induced cells. As a control, we also examined the effects of a,a'-dipyridyl on uninduced (scorbutic) PAT cells. This compound non-specifically inhibited protein synthesis in scorbutic cells by 30 to 50o after 6 h; the percentage of total protein synthesis devoted to procollagen remained constant. In fully induced cells, however, the effect of chelating ferrous ion was highly specific for procollagen synthesis, causing an additional two-to threefold inhibition in 4 h (Fig. 7) . No further reduction was observed up to 8 h, the longest time tested (data not shown). Thus, a,a'-dipyridyl rapidly inhibited the high rate of procollagen synthesis induced by ascorbate.
To determine whether this drop in procollagen translation rates was mediated through a decline in mRNA levels, we measured the levels of procollagen mRNA in the cytoplasm in both fully induced and uninduced cells after treatment for 6 h with a,a'-dipyridyl. The presence of a,a'-dipyridyl did not reduce the procollagen mRNA levels (Table 1) . DISCUSSION The role played by procollagen mRNA levels in controlling the rate of procollagen synthesis cannot be reduced to a simple proportional relationship. Although the full 6-to 10-fold increase in procollagen production by either ascorbate addition or increasing cell density probably requires a similar 6-to 8-fold increase in procollagen mRNA levels, the kinetic data are not in agreement with the simple model which predicts that mRNA levels are controlling synthetic rates. In the induction process, the increase in mRNA levels starts 12 h later and reaches a maximum 12 to 24 h after the increase observed in the rate of procollagen translation. This can lead to an anomalous situation in which procollagen mRNA levels can be increasing while procollagen translation rates are actually decreasing (Fig. 6A) . One is led to conclude that the level of mRNA may be important for full induction but it is not the primary controlling step in the collagen biosynthetic pathway.
This lack of a one-to-one correspondence be- tween procollagen mRNA levels and the rate of procollagen synthesis is not a unique observation. Tolstoshev et al. (29) noted that in human lung fibroblasts the level of procollagen mRNA varied twofold as the cells grew from low cell density to confluent cultures; yet the rate of procoliagen production remained constant. Tolstoshev et al. (30) , in another communication, noted that in sheep skin the percentage of procollagen synthesis dropped from 14% in early development to 2% at term; however, during the same period, procollagen mRNA levels remained constant. These observations, although in less well-defined systems, support our conclusion that there need not be a direct correspondence between procollagen mRNA levels and the rate of procollagen synthesis, particularly when mRNA levels appear to be in excess.
This idea is further supported by our studies with the inhibitor a,a'-dipyridyl. In this case, a rapid inhibition of ascorbate action caused a two-to threefold decline in the rate of procollagen synthesis, but the level of procollagen mRNA remained constant. In other words, one can again separate the influence of mRNA levels from being the principle regulatory agent controlling the rate of translation.
The control in the a,a'-dipyridyl experiment, the scorbutic cell, is critical. In this case, procollagen synthesis is not specifically inhibited by a,a'-dipyridyl. This is strong evidence that the inhibitor has high specificity for reversing the action of ascorbate and not just translation in general. In addition, this specificity of a,a'-dipyridyl for the induced cell confirms the general assumption that the interaction of ascorbate with the collagen pathway is related to its ability to insure a supply of ferrous iron.
Further elucidation of the primary control step in the collagen pathway requires an understanding of the events that occur during the first 12 h after ascorbate addition. Although only small changes occur during this period in the VOL. 3, 1983 on September 29, 2016 by guest http://mcb.asm.org/ accumulation and translation of procollagen mRNA, ascorbate causes important changes in the collagen pathway (19) at other steps. Ascorbate rapidly enters the cell and acts as a cofactor for the increased hydroxylation of proline residues in the completed procollagen molecule (7, 14, 26) . The exact time-course of this increase in hydroxylation has not been precisely determined; however, indirect evidence would have ascorbate causing full hydroxylation in less than 1 h (14, 26). As a result of an increase in proline hydroxylation, the triple helical conformation of the collagen portion of the procollagen molecule is stabilized. The triple helical procollagen molecule is more rapidly secreted from the cell (11, 12 ). An increase in secretion rates with only a nominal increase in the rate of procollagen translation causes a net drop in the internal procollagen pool size. We have previously shown that increased secretion, and not the rate of proline hydroxylation, correlates with the induction of procollagen synthesis (26) . Thus, secretion rates could be playing a primary role in regulating the pathway. A major question is whether, and by what mechanism, these early changes after ascorbate addition feed back to bring about the increased rate of procollagen synthesis and the accumulation of procollagen mRNA.
Further support for this type of model, in which the primary control step is post-translational, comes from previous experiments that showed that increasing cell density also stimulates increased rates of procollagen secretion (26) . There appears, therefore, to be a common link between factors that can act as inducers in this system. Moreover, we have shown that the induction kinetics by either ascorbate or high cell density are very similar for procollagen synthesis or mRNA accumulation. The implication is that they are affecting similar or closely linked steps in the pathway. Whether the critical step is indeed the rate of procollagen secretion remains to be more firmly established.
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